In this study, the relationship between gravity wave (GW) potential energy (Ep) and the tropopause height and temperature over the globe was investigated using COSMIC radio occultation (RO) dry temperature profiles during September 2006 to May 2013. The monthly means of GW Ep with a vertical resolution of 1 km and tropopause parameters were calculated for each 5 • × 5 • longitude-latitude grid. The correlation coefficients between Ep values at different altitudes and the tropopause height and temperature were calculated accordingly in each grid. It was found that at middle and high latitudes, GW Ep over the altitude range from lapse rate tropopause (LRT) to several km above had a significantly positive/negative correlation with LRT height (LRT-H)/ LRT temperature (LRT-T) and the peak correlation coefficients were determined over the altitudes of 10-14 km with distinct zonal distribution characteristics. While in the tropics, the distributions of the statistically significant correlation coefficients between GW Ep and LRT/cold point tropopause (CPT) parameters were dispersive and the peak correlation were are calculated over the altitudes of 14-38 km. At middle and high latitudes, the temporal variations of the monthly means and the monthly anomalies of the LRT parameters and GW Ep over the altitude of 13 km showed that LRT-H/LRT-T increases/decreases with the increase of Ep, which indicates that LRT was lifted and became cooler when GWs propagated from the troposphere to the stratosphere. In the tropical regions, statistically significant positive/negative correlations exist between GW Ep over the altitude of 17-19 km and LRT-H/LRT-T where deep convections occur and on the other hand, strong correlations exist between convections and the tropopause parameters in most seasons, which indicates that low and cold tropopause appears in deep convection regions. Thus, in the tropics, both deep convections and GWs excited accordingly have impacts on the tropopause structure.
Introduction
The tropopause is the transition layer between the upper troposphere and the lower stratosphere, which are distinct from one another in vertical mixing timescales, static stabilities, trace constituents, and thermal balance [1] . The variations of the tropopause, which are the responses to any changes in the physical, chemical, and thermal characteristics of the two regions, are linked closely to the stratosphere-troposphere exchange as well as climate variability and change [2] [3] [4] . the upper height level of the COSMIC temperature profiles most appropriate for GW study is below 40 km [27] . The vertical wavelengths of GW derived from COSMIC temperature are equal or greater than 2 km [32] . This work uses COSMIC post-processed level 2 dry temperature profiles ( 
GW Ep
The potential energy (Ep) can well represent the feature of GW and is given by:
where g is the gravitational acceleration, N is the Brunt-Väisälä frequency, c p is the isobaric heating capacity, z is the height, and T, and T is the background temperature and the temperature perturbations caused by GWs, respectively. It is important to separate T and T from the raw COSMIC temperature (T). The accurate E p is based on the extraction of T , which is given by:
We extracted Ep values from COSMIC RO temperature profiles following closely the method used by references [21, 32] . At first, the daily COSMIC temperature profiles between 8 km and 38 km are gridded to 10 • × 15 • latitude and longitude resolution with a vertical resolution of 0.2 km, based on which the mean temperature of each grid is calculated for each height level. Then, the S-transform was used for each latitude and altitude, obtaining the zonal wave number 0-6 which represents the background temperature for zonal mean temperature. The S-transform is unique in that it provides frequency-dependent resolution while maintaining a direct relationship with the Fourier spectrum [33] . In the next step, this background temperature was interpolated back to the positions of raw COSMIC RO profiles and subtracted from T using Equation (3) to get the temperature perturbations T . Finally, GW Ep was calculated by Equations (1) and (2) . To further analyze the relationship between GW Ep and tropopause parameters, daily Ep values were binned and averaged in 5 • × 5 • longitude-latitude grid cells with a vertical resolution of 1 km.
Following the above procedure, reference [34] presented an example of calculating the temperature perturbation profile and the Ep profile corresponding to a COSMIC RO dry temperature profile. The temperature perturbation profile in Figure 1b of [34] presented a wavelike structure around 0 K, which is consistent with reference [21] . References [34, 35] further investigated the seasonal and interannual variations of the global stratospheric GW activities.
LRT and CPT Temperature and Height
COSMIC RO atmPrf products provided by CDAAC include the tropopause parameters, such as the temperature and height of LRT and CPT. Reference [36] reported that the LRT temperature and height from COSMIC RO provided by CDAAC are consistent with those derived from the high-resolution Modern-Era Retrospective Analysis for Research Application (MERRA).
In this work, the LRT and CPT temperature and height, which were obtained directly from the atmPrf files, were binned into 5 It can be seen from Figure 1a that the LRT-H is around 16 km in the tropics, while it decreases to 9 km in the polar regions, which is consistent with reference [23] . In the tropics, the LRT-H presents significant seasonal variations with higher LRT in boreal winter and lower one in boreal summer. While in middle and high latitudes, the seasonal variation of LRT-H is opposite. Figure 1b shows that the LRT-T increases from the tropics to the poles. In the tropics and in the middle and high latitudes of the Northern Hemisphere (NH), the LRT-T is higher in boreal summer and lower in boreal winter; while in the middle and high latitudes of the Southern Hemisphere (SH), it presents the opposite seasonal variation. The comparison between Figure 1a ,b shows that LRT is higher and colder in the tropics and lower and warmer at middle and high latitudes.
From Figure 1c , it can be seen that the CPT-H in the low latitudes is between 16-18 km and presents the seasonal variation with higher and lower values in boreal winter and summer, respectively. From Figure 1d , it is evident that the CPT-T is higher in boreal summer and lower in winter, which is opposite to the seasonal variation of the CPT-H. So the CPT is higher and colder in boreal winter and lower and warmer in summer, which is consistent with reference [38] . In the tropics, the parameters of the LRT and CPT are close to each other and present similar seasonal variation patterns.
The characteristics of the temporal and spatial variability of the LRT and CPT heights and temperatures shown in Figure 1 are generally consistent with those of the available literatures. Thus, the tropopause parameters provided by CDAAC is reliable and can be applied to this study.
Statistical Method
The monthly means of GW Ep with a vertical resolution of 1 km and tropopause parameters were calculated for each 5° × 5° longitude-latitude grid. The annual cycle of Ep at each height layer and the tropopause heights and temperatures were subtracted from the monthly means to get the corresponding monthly anomalies, as shown by equation (4):
Where n is the number of years. represents the monthly mean and the monthly anomaly of Ep at certain height layer or of tropopause parameters for the j th month in the i th year, respectively. In each It can be seen from Figure 1a that the LRT-H is around 16 km in the tropics, while it decreases to 9 km in the polar regions, which is consistent with reference [23] . In the tropics, the LRT-H presents significant seasonal variations with higher LRT in boreal winter and lower one in boreal summer. While in middle and high latitudes, the seasonal variation of LRT-H is opposite. Figure 1b shows that the LRT-T increases from the tropics to the poles. In the tropics and in the middle and high latitudes of the Northern Hemisphere (NH), the LRT-T is higher in boreal summer and lower in boreal winter; while in the middle and high latitudes of the Southern Hemisphere (SH), it presents the opposite seasonal variation. The comparison between Figure 1a ,b shows that LRT is higher and colder in the tropics and lower and warmer at middle and high latitudes.
The monthly means of GW Ep with a vertical resolution of 1 km and tropopause parameters were calculated for each 5 • × 5 • longitude-latitude grid. The annual cycle of Ep at each height layer and the tropopause heights and temperatures were subtracted from the monthly means to get the corresponding monthly anomalies, as shown by equation (4):
where n is the number of years. i = 1, 2, . . . . . . n is the ith year and j = 1, 2, . . . . . . 12 is the jth month in one year. height layer or of tropopause parameters for the jth month in the ith year, respectively. In each grid, the correlation coefficient between GW Ep for certain height interval and the tropopause parameters was calculated accordingly.
Results

Calculation Example
GW Ep and the LRT-H at a certain grid (50 • N, 25 • W) is taken as an example in this section. The time series of the monthly means and the monthly anomalies of GW Ep at the altitude of 13 km and the LRT-H over this grid are shown in Figure 2 . The monthly anomalies were calculated by the statistical method presented in Section 2.4.
GW Ep and the LRT-H at a certain grid (50° N, 25° W) is taken as an example in this section. The time series of the monthly means and the monthly anomalies of GW Ep at the altitude of 13 km and the LRT-H over this grid are shown in Figure 2 
The Vertical Structure of the Correlation Between Ep and Tropopause Parameters
To investigate the vertical structure of the correlation between Ep and LRT and CPT parameters, we gave the longitude-altitude cross sections of Pearson correlation coefficients between the time series of Ep and those of LRT-H (LRT-T) and CPT-H (CPT-T) over different latitudes in Figure 3 and Figure 4 , respectively. Figure 3 shows the longitude-altitude cross sections of the Pearson correlation coefficients between Ep and LRT-H and between Ep and LRT-T at 70° N, 0°, and 50° S, which can represent high, low, and middle latitude, respectively. The comparisons between the subfigures in Figure 3 show that the vertical distributions of the correlation coefficients between GW Ep and LRT-H vary greatly at different latitudes. It is shown in Figure 3a that, at 70° N, the statistically significant Pearson correlation coefficients between Ep values and LRT-H are mostly positive and are large at the altitudes between the height of LRT and 14 km, while the correlation coefficients of Ep values and LRT-H were small and not statistically significant below the LRT-H or above 14 km. Figure 2b was 0.39, which also passes through the significance test of the confidence level of 99%. The correlation coefficient between the monthly anomalies was smaller than that between the monthly means.
To investigate the vertical structure of the correlation between Ep and LRT and CPT parameters, we gave the longitude-altitude cross sections of Pearson correlation coefficients between the time series of Ep and those of LRT-H (LRT-T) and CPT-H (CPT-T) over different latitudes in Figures 3  and 4 , respectively. At the equator, the distributions of the correlation coefficients that are statistically significant are dispersed, as shown in Figure 3b . At 50° S, Ep mostly has a significant positive correlation with LRT-H between the height of LRT and 14 km, as shown in Figure 3c . Figure 3d-f show that the sign of the correlation coefficients between Ep and LRT-T is generally opposite to that between Ep and LRT-H. Negative correlation coefficients that are statistically significant exist near and above the LRT at 70° N, as shown in Figure 3d , and in the height range between the LRT and 14 km at 50° S, as shown in Figure 3f . Figure 3e shows that at the equator, the distributions of the correlation coefficients that are statistically significant are dispersed.
From the above analyses, it can be seen that at middle and high latitudes, concentrated distributions of statistically significant positive (negative) correlation coefficients between GW Ep and LRT-H (LRT-T) are generally calculated in the height range between the LRT and several kilometers above. While in the tropics, the distributions of the correlation coefficients between Ep and LRT parameters that are statistically significant are dispersed. Figure 4 shows the longitude-altitude cross sections of the Pearson correlation coefficients between Ep and CPT-H and between Ep and CPT-T over the latitudes of 30° N, 0° and 30° S. It can be seen from Figure 4 that at all the three latitudes, the sign of the correlation coefficients between Ep and CPT-H was generally opposite to that between Ep and CPT-T, and the distributions of the correlation coefficients that are statistically significant were not concentrated. Both Figure 3 and Figure 3d-f show that the sign of the correlation coefficients between Ep and LRT-T is generally opposite to that between Ep and LRT-H. Negative correlation coefficients that are statistically significant exist near and above the LRT at 70 • N, as shown in Figure 3d , and in the height range between the LRT and 14 km at 50 • S, as shown in Figure 3f . Figure 3e shows that at the equator, the distributions of the correlation coefficients that are statistically significant are dispersed.
From the above analyses, it can be seen that at middle and high latitudes, concentrated distributions of statistically significant positive (negative) correlation coefficients between GW Ep and LRT-H (LRT-T) are generally calculated in the height range between the LRT and several kilometers above. While in the tropics, the distributions of the correlation coefficients between Ep and LRT parameters that are statistically significant are dispersed. Figure 4 that at all the three latitudes, the sign of the correlation coefficients between Ep and CPT-H was generally opposite to that between Ep and CPT-T, and the distributions of the correlation coefficients that are statistically significant were not concentrated. Both Figures 3 and 4 show that in the tropics, the distributions of the statistically significant correlation coefficients between Ep and tropopause parameters are dispersed.
Atmosphere 2019, 10, x FOR PEER REVIEW 7 of 15 Figure 4 show that in the tropics, the distributions of the statistically significant correlation coefficients between Ep and tropopause parameters are dispersed. 
The Horizontal Structures of the Correlations Between Ep and Tropopause Parameters
The horizontal structures of the correlations between GW Ep values and the tropopause parameters are investigated in this section. Figure 3 reveals that over different latitudes, the correlation coefficients between Ep values and LRT-H /LRT-T that are statistically significant are generally positive/negative. Figure 5 further shows the distributions of the peak positive/negative correlation coefficients between Ep values and LRT-H /LRT-T and the corresponding heights where these peak correlation coefficients were calculated based on the 5° × 5° longitude-latitude grids.
From Figure 5a ,b, it can be seen that in the tropics, the peak positive correlation coefficients between GW Ep values and LRT-H are generally smaller than 0.4, which are calculated at the heights between 14 km and 38 km. The distributions of both the peak correlation coefficients and the corresponding heights were dispersed. In the middle and high latitudes, the latitudinal distribution of the peak correlation coefficients between GW Ep values and LRT-H were distinct. Over the latitudes 45° N-75° N, most of the peak correlation coefficients between GW Ep values and LRT-H 
The horizontal structures of the correlations between GW Ep values and the tropopause parameters are investigated in this section. It can be seen from Figure 5 that at middle and high latitudes, the peak positive/negative correlation coefficients between GW Ep and LRT-H/LRT-T were calculated above the LRT at the altitude range of 11 km to 14 km, while in the tropics, the peak correlation coefficients were distributed dispersively at the altitude range between 14 km and 38 km, which is also shown in Figure 3 and Figure 4 .
In the following part of this study, we will focus on the correlations between GW Ep at certain altitude ranges near and above the tropopause and the tropopause parameters over the globe. Considering that the height of LRT decreases gradually from the equator to the poles, this altitude range was chosen as 13 km at middle and high latitudes and 17 km-19 km in the tropics. From Figure 5a ,b, it can be seen that in the tropics, the peak positive correlation coefficients between GW Ep values and LRT-H are generally smaller than 0.4, which are calculated at the heights between 14 km and 38 km. The distributions of both the peak correlation coefficients and the corresponding heights were dispersed. In the middle and high latitudes, the latitudinal distribution of the peak correlation coefficients between GW Ep values and LRT-H were distinct. Over the latitudes 45 • N-75 • N, most of the peak correlation coefficients between GW Ep values and LRT-H were between 0.5 and 0.8, and the corresponding heights were mainly located above the LRT at 11 km to 14 km. While over 45 • S-75 • S latitudes, most of the peak correlation coefficients were around 0.6, and the corresponding height were also mainly located above the LRT. Compared with the same latitudes in the NH, the peak positive correlation coefficients between GW Ep values and LRT-H over the 45 • S-75 • S latitudes were smaller, and the latitude zone with distinct peak correlation coefficients had a poorer continuity and a narrower width. Figure 5a ,b show that the distributions of the peak correlation coefficients between Ep and LRT-H in the NH and SH were not symmetrical, while the distributions of the corresponding heights were basically symmetrical. Figure 5c ,d show the distributions of the peak negative correlation coefficients between Ep and LRT-T and the corresponding heights where these peak coefficients were calculated. The horizontal distributions of the peak negative correlation coefficients between Ep values and LRT-T were similar to those of the peak positive correlation coefficients between Ep values and LRT-H. In the tropics, the peak negative correlation coefficients between Ep values and LRT-T were between −0.2 and −0.4 with the corresponding heights mainly at 14 km to 38 km. Over the 45 • -75 • latitudes in the NH and SH, zonal regions existed where the peak negative correlation coefficients were between −0.4 and −0.6 and the corresponding heights were over the LRT at 11 km to 14 km.
It can be seen from Figure 5 that at middle and high latitudes, the peak positive/negative correlation coefficients between GW Ep and LRT-H/LRT-T were calculated above the LRT at the altitude range of 11 km to 14 km, while in the tropics, the peak correlation coefficients were distributed dispersively at the altitude range between 14 km and 38 km, which is also shown in Figures 3 and 4 .
In the following part of this study, we will focus on the correlations between GW Ep at certain altitude ranges near and above the tropopause and the tropopause parameters over the globe. Considering that the height of LRT decreases gradually from the equator to the poles, this altitude range Figure 6 shows that the statistically significant correlation coefficients between Ep and LRT parameters present distinct latitudinal distributions at middle and high latitudes, especially between 45° N-75° N and 45° S-75° S. From Figure 6a , it is evident that GW Ep generally has a positive correlation with LRT-H over the globe. At the latitudes of 45° N-75° N and 45° S-75° S, the magnitudes of the correlation coefficients are between 0.3 to 0.6 over the zonal regions where the correlation coefficients are statistically significant. While in the tropics, the correlation coefficients between GW Ep and LRT-H are smaller, which is 0.2-0.3, and the regions where the correlation coefficients pass through the significance test of the confidence level of 95% are where deep convections occur. In the tropics, convection is a main source of GW [26, 34] , and Ep has a significant correlation with LRT-H over the regions where deep convections occur, which to some extent indicates that the tropopause structure is affected by the convections [39] .
The signs of the correlation coefficients between Ep values and LRT-T shown in Figure 6b were opposite to those between Ep values and LRT-H, as shown in Figure 6a . At middle and high latitudes, the statistically significant negative correlation coefficients between Ep values and LRT-T showed distinct latitudinal distributions, while in the tropics, the statistically significant negative correlation coefficients between Ep values and LRT-T were mainly concentrated in the regions where deep convections occur. Figure 7 shows the temporal variations of the monthly means and the monthly anomalies of GW Ep at 13 km and the LRT parameters at the latitudes of 50° N and 50° S. From Figure 7a , it can be seen that at 50° N, the monthly means of both GW Ep and LRT-H show the same annual cycle with the maximum/minimum values calculated during boreal summer/winter. Although some studies indicated that GW Ep usually became larger in boreal winter and smaller in boreal summer in lower stratosphere at middle and high latitudes using RO data [26, 35, 40, 41] , the seasonal cycle of GW Ep over 20 km were investigated in these studies. Figure 7a reveals that different from the seasonal variation characteristics of GW Ep over 20 km, the GW Ep near and over the tropopause was larger in boreal summer and smaller in boreal winter, which had a positive correlation with the seasonal variation of LRT-H with a statistically significant correlation coefficient of 0.9. Figure 7b shows that the variation pattern of the monthly anomalies of GW Ep at 13 km was similar to that of the LRT-H with a correlation coefficient of 0.61, which passed through the significance test of the confidence level of 99%.
The temporal variations of the monthly means and the monthly anomalies of Ep and LRT-T at [26, 34] , and Ep has a significant correlation with LRT-H over the regions where deep convections occur, which to some extent indicates that the tropopause structure is affected by the convections [39] .
The signs of the correlation coefficients between Ep values and LRT-T shown in Figure 6b were opposite to those between Ep values and LRT-H, as shown in Figure 6a . At middle and high latitudes, the statistically significant negative correlation coefficients between Ep values and LRT-T showed distinct latitudinal distributions, while in the tropics, the statistically significant negative correlation coefficients between Ep values and LRT-T were mainly concentrated in the regions where deep convections occur. Figure 7 shows the temporal variations of the monthly means and the monthly anomalies of GW Ep at 13 km and the LRT parameters at the latitudes of 50 • N and 50 • S. From Figure 7a , it can be seen that at 50 • N, the monthly means of both GW Ep and LRT-H show the same annual cycle with the maximum/minimum values calculated during boreal summer/winter. Although some studies indicated that GW Ep usually became larger in boreal winter and smaller in boreal summer in lower stratosphere at middle and high latitudes using RO data [26, 35, 40, 41] , the seasonal cycle of GW Ep over 20 km were investigated in these studies. LRT-T with a correlation coefficient of −0.37, which passed through the significance test of the confidence level of 99%. 
The Relationship Between Convection and Tropopause in the Tropics
It has been noticed that the tropical tropopause is not only related to atmospheric waves but also related to deep convections [10, 42, 43] . Figure 6 reveals that in the tropics, the statistically significant correlation coefficients between Ep and LRT parameters were mainly calculated over in the regions where deep convection occurs. In this section, we will focus on the relationship between convection and LRT in the tropics. Figure 8 shows the global distribution of the averaged seasonal means of LRT-H and OLR during 2006 to 2013. The seasons are categorized here as MAM (March/April/May), JJA (June/July/August), SON (September/October/November), and DJF (December/January/February). It can be seen that the LRT-H was higher in DJF and lower in JJA, which is consistent with the seasonal cycle shown in Figure 1a . In MAM and SON, the deep convections were basically symmetric about the equator, and in these regions, the LRT-H was lower, especially in SON, such as the Indian Ocean and Central America. In JJA and DJF, convections are more active in the summer hemisphere than in the winter hemisphere [42] . Figure 8d shows that in DJF, deep convections are accompanied by the lower LRT, such as in Southeast Asia, South Africa and Central South America. In summary, the LRT-H was lower in deep convections in all the four seasons. Figure 7a reveals that different from the seasonal variation characteristics of GW Ep over 20 km, the GW Ep near and over the tropopause was larger in boreal summer and smaller in boreal winter, which had a positive correlation with the seasonal variation of LRT-H with a statistically significant correlation coefficient of 0.9. Figure 7b shows that the variation pattern of the monthly anomalies of GW Ep at 13 km was similar to that of the LRT-H with a correlation coefficient of 0.61, which passed through the significance test of the confidence level of 99%.
The temporal variations of the monthly means and the monthly anomalies of Ep and LRT-T at 13 km over the latitude 50 • S are shown in Figure 7c ,d. The seasonal cycle of GW activity was negatively correlated with that of LRT-T with a correlation coefficient of −0.84. The temporal variations of the monthly anomalies of Ep values were also negatively correlated with those of LRT-T with a correlation coefficient of −0.37, which passed through the significance test of the confidence level of 99%.
The Relationship between Convection and Tropopause in the Tropics
It has been noticed that the tropical tropopause is not only related to atmospheric waves but also related to deep convections [10, 42, 43] . Figure 6 reveals that in the tropics, the statistically significant correlation coefficients between Ep and LRT parameters were mainly calculated over in the regions where deep convection occurs. In this section, we will focus on the relationship between convection and LRT in the tropics. Figure 8 shows the global distribution of the averaged seasonal means of LRT-H and OLR during 2006 to 2013. The seasons are categorized here as MAM (March/April/May), JJA (June/July/August), SON (September/October/November), and DJF (December/January/February). It can be seen that the LRT-H was higher in DJF and lower in JJA, which is consistent with the seasonal cycle shown in Figure 1a . In MAM and SON, the deep convections were basically symmetric about the equator, and in these regions, the LRT-H was lower, especially in SON, such as the Indian Ocean and Central America. In JJA and DJF, convections are more active in the summer hemisphere than in the winter hemisphere [42] . Figure 8d shows that in DJF, deep convections are accompanied by the lower LRT, such as in Southeast Asia, South Africa and Central South America. In summary, the LRT-H was lower in deep convections in all the four seasons.
which is consistent with the seasonal cycle shown in Figure 1a . Reference [42] analyzed the distribution and influence of convection in the tropical tropopause region using cold brightness temperatures from satellites and temperatures from contemporaneous reanalysis. They found that there was a significant correspondence locally between the deepest convection and coldest tropopause temperatures. Reference [10] investigated the structure and variability of temperature in the tropical upper troposphere and lower stratosphere using GPS/MET RO data during April 1995 to February 1997. They found that low tropopause is associated with deep convections. Our results are consistent with both of these studies.
The Pearson correlation coefficients between OLR and tropopause parameters over 5° S-5° N latitudes are shown in Table 1 . It can be seen that the weakest correlation between OLR and LRT-H/CPT-H is calculated in MAM with a correlation coefficient of -0.12/0.11, which fails to pass the significance test of the confidence level of 95%. While during the same season, strong The distribution of OLR and CPT parameters in the tropics is similar to Figures 8 and 9 (Figureures are not shown here), which means that there is strong correspondence between CPT-T/CPT-H and deep convections.
Reference [42] analyzed the distribution and influence of convection in the tropical tropopause region using cold brightness temperatures from satellites and temperatures from contemporaneous reanalysis. They found that there was a significant correspondence locally between the deepest convection and coldest tropopause temperatures. Reference [10] investigated the structure and variability of temperature in the tropical upper troposphere and lower stratosphere using GPS/MET RO data during April 1995 to February 1997. They found that low tropopause is associated with deep convections. Our results are consistent with both of these studies.
The Pearson correlation coefficients between OLR and tropopause parameters over 5 • S-5 • N latitudes are shown in Table 1 . It can be seen that the weakest correlation between OLR and LRT-H/CPT-H is calculated in MAM with a correlation coefficient of −0.12/0.11, which fails to pass the significance test of the confidence level of 95%. While during the same season, strong correlations exist between OLR and LRT-T/CPT-T, as revealed by the correlation coefficient of 0.63/0.64, which passes through the significance test of the confidence level of 99%. In the other three seasons, the correlation coefficients between OLR and tropopause height and temperature are all positive and pass through the significance test of the confidence level of 95%, indicating that a low and cold tropopause is generally associated with deep convections which is presented by low OLR. 
Discussion
Section 2.1 pointed out that as GWs can cause the perturbations of temperature, the key to calculate the GW Ep by COSMIC RO temperature profiles is the estimation of temperature perturbations (T ). In the example presented by Figure 1a of reference [34] , it is shown that in the tropopause and throughout the stratosphere, there is a "wavy" variability in the COSMIC temperature profile (blue line), and it also appeared in GPS/MET temperature profiles [10, 40, 44] and radiosonde observations [29] . The "wavy" variability of temperature profile might be attributed to GWs [10, 40, 44] , which indicates that GWs can influence the tropopause temperature. It has been revealed that GWs play a main role in regulating tropopause parameters [18] . The breaking of GWs in the stratosphere transports energy, momentum, chemical, and atmospheric constituents (i.e. water vapor) across the tropopause to the surroundings [45] , which affected the tropopause parameters accordingly [18] .
In middle and high latitudes, significant correlations between GW Ep and LRT height and temperature appears about several kilometers above the tropopause, as shown by Figure 3 , and GW Ep at 13 km has a positive correlation with LRT-H and a negative correlation with LRT-T, as shown by Figure 6 . The seasonal cycles of the monthly means and the monthly anomalies of GW Ep and LRT-H/LRT-T shown in Figure 7 reveals that LRT-H/LRT-T increases/decreases with the increase of Ep values in middle and high latitudes. All these results indicate that close relations exist between GWs and LRT parameters in middle and high latitudes, which might be attributed to that LRT is lifted and becomes cooler when GWs propagate from the troposphere to stratosphere.
It is interesting that our results are opposite to that of reference [18] , who investigated the relationship between GWs at 17 km and the temperature and height of CPT in Tibet and concluded that the enhancements of GW Ep lead to the increase of CPT-T. The reasons might be attributed to that GW Ep at different height layers are concerned about by reference [18] and by this work.
In the tropics, strong correlation exists between convections and tropopause parameters, which indicates that low and cold tropopause, appears in deep convection regions, as revealed by Figure 8 , Figure 9 and Table 1 . The result is consistent with references [7, 42] . Although this correlation might be a result of convective cooling of the tropopause, or a tropopause cooled by other means such as radiative cooling, the former factor appears more likely [42] . On the other hand, Figure 6 shows that the correlations between GW Ep and tropopause height and temperature are significant in deep convection regions, which indicates that tropopause parameters variability might also have close relationship with GW activity. Reference [7] indicates that radiative forcing might be important for tropical tropopause on monthly time scales, while the majority of tropopause temperature and height variability appears to be related to wave-like variability. They also found that there were significant correlations between GPS/MET temperature and OLR in the tropics, which quantified the influence of deep convection on temperatures in the tropical tropopause region. In summary, the tropopause parameters in the tropics might be affected by both deep convections [7] and the GWs excited by deep convection.
Conclusions
In this study, the relationship between gravity wave (GW) potential energy (Ep) and the tropopause height and temperature over the globe was investigated using COSMIC radio occultation (RO) dry temperature profiles during September 2006 to May 2013.
The longitude-altitude cross sections of the Pearson correlation coefficients between Ep and LRT parameters over the globe and those between Ep and CPT parameters over the latitudes 30 • S-30 • N showed that at middle and high latitudes, concentrated distributions of statistically significant positive (negative) correlation coefficients between GW Ep and LRT-H (LRT-T) were generally calculated in the height range between the LRT and several kilometers above. In the tropics, the distributions of the correlation coefficients between GW Ep and LRT and CPT parameters that are statistically significant were dispersive.
The global distributions of the peak positive/negative correlation coefficients between GW Ep and LRT-H/LRT-T and their corresponding altitudes showed that at middle and high latitudes, most of the peak positive/negative correlation coefficients between GW Ep and LRT-H/LRT-T were around 0.5~0.8/−0.4~−0.6, which were calculated over the altitudes of 10~14 km with distinct zonal distribution characteristics, while in the tropics, the peak correlation coefficients, which are only 0.2~0.4/−0.2~−0.4, were calculated dispersively over the altitudes of 14~38 km. At middle and high latitudes, the statistically significant positive/negative correlation coefficients between GW Ep over the altitude of 13 km and LRT-H/LRT-T present distinct zonal distribution features, while in the tropical regions, statistically significant positive/negative correlations existed between GW Ep over the altitude of 17~19 km and LRT-H/LRT-T where deep convections occur.
At the latitudes 50 • N and 50 • S, the temporal variations of the monthly means and the monthly anomalies of the LRT parameters and GW Ep over the altitude of 13 km show that LRT-H/LRT-T increases/decreases with the increase of Ep, which might be attributed to that LRT is lifted and becomes cooler when GWs propagate from the troposphere to the stratosphere. The distribution of 2006-2013 averaged seasonal means of OLR and LRT parameters over the tropics and the correlation coefficients between OLR and LRT parameters over 5 • S-5 • N show that strong correlations between convections and the tropopause parameters exist in most seasons over the tropics, which indicates that low and cold tropopause appears in deep convection regions. It can be concluded that GW activities affects the variations of the tropopause parameters. At middle and high latitudes, the tropopause was lifted and becomes cooler when GWs propagate from the troposphere to stratosphere, while in the tropics, both deep convections and GWs excited accordingly had impacts on the tropopause structure. 
